The spatially closed Friedmann-Lemaître-Robertson-Walker model in loop quantum cosmology admits two inequivalent consistent quantizations: one based on expressing the field strength in terms of the holonomies over closed loops, and, another using a connection operator and open holonomies. Using the effective dynamics, we investigate the phenomenological differences between the two quantizations for the single fluid and the two fluid scenarios with various equations of state, including the phantom matter. We show that a striking difference between the two quantizations is the existence of two distinct quantum turnarounds, either bounces or recollapses, in the connection quantization, in contrast to a single distinct quantum bounce or a recollapse in the holonomy quantization. These results generalize an earlier result on the existence of two distinct quantum bounces for stiff matter by Corichi and Karami. However, we find that in certain situations two distinct quantum turnarounds can become virtually indistinguishable. And depending on the initial conditions, a pure quantum cyclic universe can also exist undergoing a quantum bounce and a quantum recollapse. We show that for various equations of states, connection based quantization leads to super-Planckian values of the energy density and the expansion scalar at quantum turnarounds. Interestingly, we find that very extreme energy densities can also occur for the holonomy quantization, breaching the maximum allowed density in the spatially flat loop quantized model. However, the expansion scalar in all these cases is bounded by a universal value.
I. INTRODUCTION
Quantization ambiguities in the quantization of classical spacetimes come in different flavors. Some of them, such as the factor ordering ambiguities, result in quantum physics which is generally quite similar for many phenomenological questions. On the other hand, quantization ambiguities resulting from the way the classical Hamiltonian is quantized can result in very different physics. In some cases, the resulting physics can be so different that one may be able to select a particular quantization over the others. Thus, eliminating at least some of the quantization ambiguities using conditions for the viable physics. An example of restriction of such quantum ambiguities exist in loop quantum cosmology (LQC), a non-perturbative approach based on Ashtekar variables to quantize cosmological spacetimes using the techniques of loop quantum gravity [1] . Here for spatially flat cosmological models, only one particular way of quantization of Hamiltonian constraint results in a consistent physics [2, 3] .
Our goal in this manuscript is to understand some of the qualitatively different physical implications of ambiguities in the quantization of the Hamiltonian constraint in the spatially closed Friedmann-Lemaître-Robertson-Walker (FLRW) spacetime in LQC. Due to the underlying quantum gravitational effects, the structure of the quantum spacetime in this framework is fundamentally different from the classical general relativity (GR), and also other approaches to quantum cosmology such as the Wheeler-DeWitt quantization. When the spacetime curvature approaches Planckian value, classical differential geometry of GR is replaced by a discrete quantum geometry. Unlike in the classical theory and the Wheeler-DeWitt framework, the Hamiltonian constraint is not a differential equation, but a quantum difference equation with equal spacings in the volume of the universe. At large volumes, i.e. small spacetime curvature for matter satisfying weak energy condition, the quantum difference equation in LQC is well approximated by the Wheeler-DeWitt equation. The departures between the dynamics in LQC and GR vanish. However, in the Planck regime, the differences between LQC and GR become very significant which have an important bearing on the fate of singularities. A striking consequence of quantum geometry is the existence of bounce and the quantum resolution classical big bang singularity shown first using numerical simulations [4, 5] , and confirmed for arbitrary states in an exactly solvable model in LQC [6] . In this model, consistent quantum probabilities can be computed which show that for arbitrary states the probability for singularity to occur is zero [7] . Notably the bounce can also be captured successfully using an effective spacetime description in LQC, confirmed by a large number of numerical simulations (see Ref. [8, 9] for a review).
Results of the bounce in the quantum theory and resolution of big bang singularity have been verified for a variety of initial states and spacetimes [8, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Investigations of various cosmological spacetimes show that LQC results in GR at infra-red scales and successfully resolves the singularity problem of the latter by the quantum gravity modifications at the ultra-violet scales. Perhaps the best evidence of a precise agreement of LQC with GR at infra-red scales and the non-trivial role of quantum gravity in singularity resolution at ultra-violet scales appears in the spatially closed FLRW model. Classically the spacetime recollapses and encounters a big crunch singularity. For such a matter, recollapse occurs unless strong energy condition is violated and there exists sufficiently strong cosmic acceleration at late times. The quantization of the k = 1 FLRW model in LQC results in a cyclic universe, avoiding big bangs and big crunches at the Planck scale and giving a precise agreement with the classical theory for volume of the universe at which the recollapse occurs [10] . Numerical simulations with states which are sharply peaked initially at large volumes show that the fluctuations of the quantum state remain well bounded for a large number of cycles. A result in agreement with the bounds on variation of relative fluctuation of the quantum state in non-singular evolution for spatially flat models in LQC [19] .
How is this physics at Planck scale affected by the ambiguities in the quantization procedure, especially the way to obtain the quantum Hamiltonian constraint from its classical counterpart? As remarked earlier there are very strong constraints for the spatially flat models in LQC. These arise if one demands that the singularity resolution occurs at a well defined curvature scale, infra-red limit agrees with GR, and that physics is independent of any fiducial structures used to define the symplectic structure. For the spatially flat isotropic model there is only a unique quantization, the improved dynamics [5] , which satisfies this criteria [2, 3] . The situation becomes subtle in the presence of the spatial curvature and anisotropies. Let us first recall the status in the anisotropic models. For Bianchi-I models, if the spatial topology is compact then two possible quantizations exist broadly satisfying the above criteria leading to a similar physics except in certain special situations [20] . The picture is similar for the loop quantization of anisotropic models with a non-zero spatial curvature. These include Bianchi-IX [21] [22] [23] and Kantowksi-Sachs spacetimes [24, 25] , where again two different consistent quantizations exist but with qualitatively different physics [23, [25] [26] [27] . Interestingly, to loop quantize anisotropic models in presence of the spatial curvature, departures from the original procedure used in LQC are needed. In the standard procedure, the field strength of the Ashtekar-Barbero connection in the Hamiltonian constraint is expressed in terms of holonomies on a closed loop. However, due to the complexities of interplay of spatial curvature and anisotropies, defining holonomies in terms of closed loops is very non-trivial. To overcome this obstacle one defines a non-local connection operator using open holonomies which is then used to construct the quantum Hamiltonian constraint [28] . In our analysis, we will refer to this approach as the connection operator quantization or the connection quantization approach.
The connection operator method leads to a consistent quantization of k = 1 FLRW model in LQC as is shown by Corichi and Karami [29] . This quantization is unique from the earlier consistent quantization of the same spacetime using closed holonomies [10, 11] . At the coarse level, both the quantizations yield similar physics in the following sense. They are both non-singular and result in classical GR at small spacetime curvatures, including the correct volume at which classical recollapse occurs. But, important differences exist, some of which have been noted earlier.
First, it was observed that unlike the holonomy quantization approach, the connection operator based quantization results in two distinct bounces and a classical recollapse, shown explicitly for the case of the massless scalar field [29] . When a massless scalar field sourced universe bounces at very large volumes, the two distinct bounce volumes approach each other. The situation becomes similar to the case of the holonomy quantization of this spacetime with a massless scalar field which yields one distinct quantum bounce and one classical recollapse of the universe in each cycle. However, the fate of the singularity resolution in the connection and holonomy quantizations, and their contrasting behaviors, for more general fluid contents has remained open. 1 In the presence of fluids with different equations of states, very interesting physics can arise as is discussed in this manuscript. Quantum bounces can be absent and replaced by quantum recollapses depending on the equation of state. The second already noted difference between the two quantizations deals with the curvature scale at the bounce(s). It has been argued that in the connection approach, the expansion scalar and the energy density are not universally bounded. Whereas, the expansion scalar is predicted to be universally bounded for the holonomy case [26] . Note that the effective Hamiltonian in LQC for the spatially closed model gets quantum gravitational modifications from expressing the field strength or the connection in terms of holonomies, as well as expressing the inverse triad or the volume operators as eigenvalues of quantum operators corresponding to commutators of holonomies with positive powers of triads. The latter inverse volume or inverse triad modifications generally play little role in influencing the singularity resolution and quantum dynamics as compared to the holonomy modifications. Nevertheless they play a role in making the behavior of energy density and expansion scalar bounded, albeit not universally, in connection quantization [26, 31] . The pertinent open question is A cartoon depiction of the distinct quantum turnarounds for the connection quantization is shown. In the left figure, the evolution is sourced by a matter content obeying the strong energy condition (w > −1/3). Such an evolution results in two distinct quantum bounces and a classical recollapse in each cycle. In the right figure, evolution is sourced by a phantom fluid with w ≪ −1. In this case, quantum turnarounds are no longer bounces but recollapses. The classical turnaround is a bounce in the phantom case. Distinct quantum recollapses become indistinguishable for equations of state closer to negative unity. In the holonomy quantization, there is only a single quantum bounce and a quantum recollapse in the left and the right figures respectively.
the following: What is the magnitude of difference in the curvature regimes phenomenologically for different matter content? Can the differences be extremely large depending on the matter content and the initial conditions? Answers to above questions are crucial to understand the contrast in the physical implications of the connection and holonomy quantization approaches for the k = 1 model in LQC. Not only such a study allows gaining understanding of the robustness of the two distinct bounce scenario in the connection quantization, it can also potentially put constraints on the viability of connection quantization approach if the latter results in singularity resolution at high super-Planckian values of curvature. In this paper, we explore answers to above questions by phenomenologically considering matter composed of single and two fluids with a fixed equation of state, allowing equation of state which even violates the weak energy condition. Our numerical investigations are based on assuming the validity of the effective dynamics in the connection and the holonomy quantization approaches.
The main results we obtain on the existence of two distinct quantum turnaround in connection quantization versus one in holonomy quantization for different matter are the following. For the case of single fluid satisfying the strong energy condition (i.e. with equation of state w > −1/3), two distinct bounces occur in general in the connection quantization approach (see Fig. 1 ). Recall this is the needed value of equation of state in the classical cosmology for decelerated expansion to occur, allowing a classical recollapse in the future. The same result holds for the two fluid scenarios. These results are a generalization of the phenomenological investigation of the massless scalar field case carried out in Ref. [29] . The situation for the existence of latter changes when the equation of state is w < −1/3. For −1 ≤ w ≤ −1/3, accelerated expansion avoids the classical recollapse in the future, killing the cyclic behavior of k = 1 model. However, for the phantom fluids which have w < −1 [32] , the classical singularity lies in the future at large volumes -the big rip singularity. There is no big bang in the past, but a classical bounce. We find that the future singularity is avoided by the quantum gravitational effects both in the holonomy and the connection quantizations. This result is in synergy with the earlier results on the resolution of the big rip singularity in LQC [30, 33, 34] . However, various new features arise. For universes which become classical at some point in the evolution and have a phantom equation of state close to negative unity, there is only a single distinct quantum recollapse in each cycle in the connection quantization. Strictly speaking, there are two distinct quantum recollapses but they become indistinguishable. However, for much more negative equation of state, we find two quantum recollapses. (A cartoon depiction of a representative case is shown in Fig. 1 ). Thus, we find an interesting result that in the connection quantization two distinct quantum turnarounds, quantum bounces for w > −1/3, and quantum recollapses for w ≪ −1, occur. In contrast, in the holonomy quantization only one distinct quantum bounce/recollapse occurs. The phantom fluid in the quantum realm brings out some more surprises. For universes which remain quantum, there is no classical turnaround but a single distinct quantum bounce and single distinct quantum recollapse. In the connection case, one of the distinct turnarounds is a quantum bounce and the other turnaround is a quantum recollapse. One obtains a cyclic quantum universe due to purely quantum geometric effects. The situation is similar in holonomy and connection quantization approaches albeit with some important differences on the nature of quantum turnarounds.
Our results on the curvature scales associated with singularity resolution lead to some new insights. Working with the effective Hamiltonian without inverse volume modifications which play little role in dynamics as compared to holonomy modifications, we find that in general the connection operator quantization is associated with bounce densities which are larger than the universal maximum ρ flat max for the spatially flat model in LQC. Depending on the initial conditions, the bounce density can be extremely large compared to the Planck density. Such bounces occur extremely close to the classical singularity. In this regime, the validity of the effective spacetime description itself can be questioned. On the other hand, the holonomy quantization results in energy density at the bounce in agreement with the universal maximum ρ flat max . Interestingly, a novel result emerges for the first time via numerical investigations. There exist initial conditions for which the bound in energy density for the spatially flat model in LQC is breached in the holonomy approach. Note that in the absence of inverse volume modifications there is no upper bound on the value of energy density in the holonomy quantization of k = 1 model [10] . However, even for such cases the expansion scalar in k = 1 model in holonomy quantization remains bounded above by its universal value. This result suggests that in the presence of spatial curvature it is only the bound in expansion scalar in holonomy quantization in LQC which makes sense.
As remarked above, in this manuscript we ignore the modifications due to the inverse volume effects. These modifications affect the holonomy and the connection quantization Hamiltonian constraints in the same way. In particular, these modifications enter the gravitational part of the constraint through a multiplicative term which is identically unity for volume V greater than 3.39V Pl , where V Pl denotes the Planck volume, and scales as V /3.39V Pl for smaller volumes [31] . The inverse volume modifications can also affect the matter part of the Hamiltonian constraint, depending on the equation of state of the matter content. If the equation of state is closer to unity (i.e. of the massless scalar field), the dependence of energy density on inverse scale factors is largest and so is the effect of inverse volume modifications. These are not identically unity for larger volumes. However, as in the case of the gravitational part of the constraint, inverse volume terms leave a negligible effect if bounce occurs at volumes much greater than the Planck volume. It is important to note that both the holonomy and connection quantizations are affected in the identical way by the inverse volume modifications if we choose the same matter content. Hence, a meaningful comparison between the two quantization prescriptions can be made by ignoring these modifications. As we will discuss in Sec. III, for representative simulations the error in excluding these terms is less than 10 −6 − 10 −12 for the case of equation of state equal to unity, depending on the bounce volume. For lower equations of states, as studied in various simulations, the error is much smaller. Even for the case of extreme Planck densities, such as those discussed in Sec. VC, the error in ignoring these modifications turns out to be small (∼ 10 −4 ). It is only in the case when the bounces occur at volumes less than the Planck volume, that these modifications can play an important role. As we will discuss later in Sec. VB, in the connection quantization in the absence of these modifications bounce volume in some cases can be very small compared to the Planck volume, pushing the energy density and expansion scalar at the bounce to very large values. In the presence of inverse volume modifications, energy density and expansion scalar are bounded in the connection quantization, however the estimated theoretical value assuming validity of effective dynamics is super-Planckian [31] . The energy density in the holonomy quantization also gets bounded due to inverse volume modifications, but the bound is again super-Planckian and breaches the universal bound in the spatially flat case ρ flat max . Our simulations in the deep Planckian regime provide a phenomenological evidence for these such large values and suggest that though inverse volume effects may alleviate the very extreme values of the energy density and the expansion scalar in the connection quantization, super-Planckian values are reached in the connection quantization for the energy density and the expansion scalar. The same conclusion holds for the energy density breaching the ρ flat max in some cases in the holonomy quantization. Thus, the qualitative results reached for the super-Planckian regime in our manuscript are not affected by ignoring the inverse volume modifications.
This manuscript is organized is as follows. In Sec. II, we start with a summary of the effective Hamiltonians and the resulting dynamical equations from the holonomy and connection operator quantization. These dynamical equations are numerically solved in the subsequent sections where results from our investigations are discussed. For single and two fluid case satisfying the strong energy condition, the existence of two distinct bounces in the connection quantization and a single bounce in holonomy quantization is discussed in Sec. III for various choices of equations of state: stiff matter (massless scalar), radiation and dust. Sec. IV deals with the phantom fluids where the quantum turnaround is a recollapse preventing a future classical big rip singularity. Here we find that for universes which become classical at some point in the evolution in the connection quantization there is only a single quantum recollapse unless the phantom fluid violates weak energy condition significantly. In the case when the universe remains quantum, instead of the three distinct turnarounds -two quantum and one classical, there are only two quantum turnarounds. One turnaround is identified with the bounce and another with the recollapse. Results are also contrasted with the holonomy quantization. The two fluid model with a phantom fluid is also discussed. Sec. V deals with comparing the scales at which bounce(s) in the energy density occurs in the connection quantization and the holonomy quantization. A possibility which results in the bounce density in the holonomy quantization greater than ρ flat max is discussed. We conclude with a summary of results in Sec. VI.
II. EFFECTIVE HAMILTONIAN DYNAMICS: HOLONOMY AND CONNECTION QUANTIZATION
Though the underlying quantum Hamiltonian constraint in LQC is a quantum difference equation, for states which are sharply peaked at late times an effective spacetime description can be derived [35] . The effective Hamiltonian constraint obtained using the geometric formulation of quantum mechanics, results in a modified effective dynamics which has been tested extremely well for a various spacetimes and matter content using numerical simulations. It captures quantum dynamics very accurately and includes the bounce volume. Notably the effective Hamiltonian of LQC can also be obtained using an inverse procedure. Demanding repulsive nature of gravitational dynamics above a spacetime curvature scale, manifested in form of the quadratic term in the energy density and general covariance uniquely leads to the effective Hamiltonian of LQC [36] .
In the following we summarize the effective Hamiltonian dynamics in the holonomy and the connection quantization approaches. As noted earlier, the effective dynamics gets contribution from two types of terms. One coming from the field strength of the connection, written in terms of the closed or open holonomies, and another from the inverse scale factor terms. The latter result in comparatively much weaker contribution to singularity resolution, and hence are ignored in our analysis. Nevertheless, by themselves they can lead to singularity resolution [37] and an interesting phenomenology (see eg. [38] ). We also discuss some consequences of including these modifications in the following. For further details of the effective Hamiltonians discussed below, we refer the reader to Refs. [10, 29] . The effective Hamiltonian of the spatially closed model in presence of inverse scale factor effects is discussed in Ref. [31] .
A. Holonomy quantization
Let us first note that due to the presence of the underlying symmetries of the homogeneous and isotropic spacetime, the Ashtekar-Barbero connection A i a and the conjugate triad E a i are symmetry reduced to c and p. These satisfy:
Here γ is the Barbero-Immirzi parameter and has a value γ ≈ 0.2375 fixed by the black hole thermodynamics in LQG [39] . In the holonomy quantization, the field strength of the connection is expressed in terms of holonomies over the closed loops which are shrunk to the minimum eigenvalue of the area operator in LQG. The resulting quantum Hamiltonian constraint is a quantum difference equation with a uniform spacing in volume. The effective Hamiltonian corresponding to the quantum Hamiltonian constraint in the holonomy quantization is [10] :
Here λ 2 is the minimum allowed area eigenvalue in LQG and has a value of λ 2 = 4(
Pl , where ℓ Pl is the Planck length. D is a function defined for convenience as
Above the gravitational part of the Hamiltonian is expressed in terms of β and V phase space pair which have the following relationship β = c/|p| 1/2 and V = |p| 3/2 . The modulus sign arises due to the two possible orientations of the triad. Without any loss of generality, we choose the positive orientation.
The matter part of the Hamiltonian in terms of the energy density of different fluids comprising the matter sector is given by H matt = i ρ i V . For the non-interacting fluids, as assumed in this work, their energy densities ρ i satisfy the conservation law:ρ
In the case of constant equation of state, w i = P i /ρ i , where
denotes the pressure, the conservation law can be used to solve for ρ i such that,
where ρ 0,i corresponds to the initial condition of energy density. A sum over all instances of ρ i and P i leads to expressions for total ρ and P . As mentioned earlier, in the Hamiltonian constraint (2.2) we have neglected the inverse volume modifications. These enter at two places in the quantum Hamiltonian constraint (see for eg. [31] ). First by multiplying the gravitational part of the constraint by a term
. The second modification arises in H matt depending on the equation of state of the matter. The inverse volume factors in the matter Hamiltonian are replaced by the eigenvalues of the corresponding operator in the quantum theory. Since the energy density for a matter with equation of state w varies as ρ ∝ a −3(1+w) , matter Hamiltonian for a massless scalar field which has an equation of state of a stiff fluid (w = 1) has the strongest contribution from the inverse volume modifications in contrast to dust or radiation or any other matter satisfying w < 1. In the quantum Hamiltonian constraint for the massless scalar, these modifications enter by multiplication of g(V ) 12 where
. The term g 12 is quickly approximated by 1/V 2 for volumes larger than V c . As an example, at volumes probing the Planck regime, say V = 10 Planck volume, their difference is approximately 0.2%, and at V = 100 Planck volume the difference is approximately 2 × 10 −7 . The effect of inverse volume terms is thus negligible when dynamics is probed at volumes larger than the Planck volume. It is to be noted that the inverse volume modifications affect the Hamiltonian constraints in the holonomy and the connection quantization in the same way. In the effective spacetime description, these modifications are difficult to implement without further assumptions. The reason is that these modifications which are inherently discrete are significant only close or below the Planck volume where the effective spacetime continuum itself becomes questionable. The following analysis in the effective dynamics will be based on the caveat of ignoring these modifications. (Their potential effect in the deep Planck regime will be discussed in Sec. V).
Using Hamilton's equations in the effective Hamiltonian constraint (2.2), the equation of motion for V becomeṡ
A straightforward exercise involving the above equation and using the vanishing of the Hamiltonian constraint H (Hol) eff ≈ 0 yields the modified Friedmann equation,
where
Pl is the maximum allowed energy density in the case of the spatially flat FLRW model in LQC [6] . And,
Note that unlike the bounce density in the spatially flat model, the bounce density in the k = 1 model for the holonomy case has no bound at all because of the presence of D term which is inversely proportional to V 1/3 . Only in the case when inverse volume modifications are present, the energy density is bounded [31] . In eq.(2.7), θ is the expansion scalar which is universally bounded [3] : |θ| ≤ 3/2λγ. Note that the Hubble rate vanishes at ρ = ρ 1 where the classical recollapse occurs for matter satisfying strong energy condition, and at ρ = ρ 1 + ρ flat max where the classical big bang/crunch singularity is resolved and quantum bounce occurs. The quantum bounce is a direct manifestation of the underlying quantum geometry encoded via the parameter λ. Note that for phantom matter there is no big bang/crunch singularity, but a future big rip singularity. In this case, the bounce is classical and the recollapse is quantum. In the case when λ is vanishing, ρ flat max becomes infinite and the singularity resolution disappears. One can similarly obtain the time variation of β using Hamilton's equation, which yields:
where ρ 2 is given by,
Finally, the time derivative of the Hubble rate at the quantum turnaround is given bẏ
Note that the nature of the quantum turnaround, whether it is a bounce or a recollapse, is determined entirely by the sign ofβ. As we will see, this changes in the connection quantization with some interesting implications.
The differential equation in V , together with the differential equation in β can be used to obtain the dynamical evolution. It is straightforward to check that these two equations are consistent with the conservation law for total energy density. Alternatively, the conservation law for the energy density along with eitherV andβ can be used to obtain dynamical trajectories. In our analysis, we imposed initial conditions on ρ and V , and the initial condition on β is found through the Hamiltonian constraint. This ensures that the effective Hamiltonian constraint is satisfied in numerical solutions. That is,
where subscript '0' denotes value at initial condition. Results from the numerical simulations based on these dynamical equations will be discussed in Sec. III.
B. Connection operator quantization
In the connection operator approach to the quantization of k = 1 FLRW spacetime, instead of considering holonomies of the connection over closed loops one constructs a connection operator using open holonomies [29] . The resulting quantum theory is inequivalent to the one discussed above. The quantum Hamiltonian constraint is again a quantum difference equation with uniform steps in volume and is non-singular, but with some key differences in comparison to the holonomy quantization pertaining to the way quantum geometry effects influence spatial curvature. The effective Hamiltonian for this quantization is [29] :
Here as in the holonomy quantization case, we have neglected the inverse volume modifications. As discussed in the previous subsection (below eq.(2.5)), these modifications turn out to be exactly the same as in the holonomy quantization. That is, the Hamiltonian constraint is modified in the identical way. Their effect is negligible in comparison to the modifications originating from the trigonometric terms in the above Hamiltonian constraint. Using Hamilton's equations, we can obtain the modified Friedmann equation and the expansion scalar:
where D is given by eq.(2.3). Further,
In contrast to the holonomy quantization, ρ 3 is the energy density at the classical recollapse for matter satisfying strong energy conditions. At the quantum turnaround,
Before going further, let us note some crucial differences between the holonomy and the connection quantization which are apparent so far. First, note that since D is not bounded, the expansion scalar in the connection quantization is not bounded in contrast to the universally bounded behavior of θ in holonomy quantization. Second, the energy density at classical recollapse in connection quantization agrees with the classical expression, whereas ρ 1 in eq.(2.7) agrees only in the large volume limit. Finally, we see from eq.(2.17) that unlike the holonomy quantization there is not one but two values of energy density at which quantum turnaround can occur. Note that a quantum turnaround occurs if sin(λβ) = ±1. The two energy densities at the quantum turnaround then correspond to
respectively for positive and negative unit values of sin(λβ). The Hamilton's equation for β yieldsβ
where ρ 5 is given by,
Using above equations, the time rate of change of Hubble rate at the quantum turnarounds can be obtained aṡ
where the negative (positive) sign corresponds to the quantum turnaround occurring due to ρ
. This is interesting when compared to the time rate change of Hubble rate in the holonomy quantization. In the latter case, one quantum turnaround is identified as either bounce or recollapse (in the phantom case), but its nature is explicitly determined by the value of D. In the connection case, quantum turnarounds are of two types and they depend explicitly on D. As we will discuss later, for the case when D becomes extremely small, both the quantum turnarounds become less distinct.
Along withV and the conservation law (2.4), above equation forms a consistent set of dynamical equations of which any two can be used to obtain dynamical solutions. In the numerical simulations, V 0 and ρ 0 are imposed and β 0 is solved for from the effective Hamiltonian,
It is important to note that the initial values of β 0 for the holonomy and connection quantization will differ depending on the initial conditions of V 0 and ρ 0 . This can give rise to phenomenological differences for the solutions, but as long as initial conditions are "classical" (i.e. large volume and low energy density) the difference in β is quite small.
Finally, it is interesting to note that the energy density at the quantum bounce is generally larger in the connection quantization than in the holonomy case if the bounce occurs at same volume in both the cases. To see this, we can compare the energy density at quantum turnaround in holonomy case ρ + ρ 1 at that same bounce volume. In all of the other situations, we find that the density at quantum turnaround in holonomy quantization is always less than the densities ρ ± in the connection quantization if they are compared at the same bounce volume. It is also interesting to note that the terms in ρ ± which are responsible for causing energy density at the bounce volume to be generally larger than ρ flat max + ρ 1 , originate from the terms which cause unboundedness of the expansion scalar in the connection quantization. In this particular way, one may view that lower energy density at the bounce, if it occurs at the same volume such that V b > 16π 2 λ 3 , in the holonomy quantization in comparison to the connection quantization and the respective behaviors of expansion scalars in the two quantization prescriptions are related. However, depending on the initial conditions and the matter content, the bounce volumes in the connection and the holonomy cases are different. And cases with lower bounce volumes have higher energy density at the bounce. In our numerical simulations, we found that generically the holonomy bounce is always at a higher volume than at least one of the two distinct bounces in the connection quantization. Therefore, the energy density at the bounce in the holonomy case is always lower than the bounce density at one of the distinct quantum bounces in the connection case.
III. BOUNCES IN THE CONNECTION AND THE HOLONOMY QUANTIZATION: FLUID(S) SATISFYING STRONG ENERGY CONDITION
In this section, we consider the solutions obtained from numerically solving the dynamical equations in the connection and the holonomy quantization approaches for the single fluid and the two fluid cases. The considered fluids satisfy strong energy condition. In particular, for the single fluid case we consider equations of state w = 1, w = 1/3, w = 0 and w = −0.3. We start with a brief discussion of numerical accuracy, followed by the results in single fluid cases, and two fluid scenarios.
A. Numerical Accuracy
In the numerical simulations considered in this manuscript, we use an adaptive scheme to solve all of the coupled differential equations. We report good error control in all solutions presented. Because the Hamiltonian constraints
given by eq.(2.2) and H (con) eff given by eq.(2.13) vanish, numerically we must obtain these to be approximately equal to zero at all times. This vanishing of the Hamiltonian constraint in numerics can be used to check the validity of our solutions. Plotted in Fig. 2 is the relative error for two representative solutions from the connection and the holonomy quantizations. These correspond to the case of w = 1 which is also discussed in Fig. 3 Since we are dealing with multiple bounces, due to the cyclic nature of spatially closed universes in LQC, and that the values of derivatives of the scale factor at the bounce can be very high, it is important to check that errors remain low after successive bounces. One may notice from Fig. 2 that the error increases in time. It is very important to check that the errors do not grow exceedingly large on the time scale of interest. In this particular case this issue is not significant because the errors only increase to the scale of 10 −8 . But in some other cases we found that errors can grow exponentially in a relatively short time scale. To ensure this is not the case, we checked the error for every solution presented in this paper. The errors involved in the forthcoming solutions discussed in this manuscript are on or around (within 1 or 2 orders of magnitude) the scales displayed by Fig. 2 . Note that a plot of |H eff /H matt | produces essentially the same error as Fig. 2 .
B. Single Fluid Universes
A crucial result of connection quantization reported earlier by Corichi and Karami is that of existence of two distinct bounces characterized by the different values of the volume for the massless scalar field (w = 1) [29] . We start with a repeat of those findings here. In our numerical investigations we find that for w = 1, the result is independent of initial conditions. Figs. 2 and 3 show such cases.
It is important to note a few key things about Fig. 3 . First, as mentioned in the previous section, the initial condition on β 0 is different for each method of quantization because of the different functional forms of each respective Hamiltonian constraint. β 0 has typical values of the order of 10 −2 for initial conditions similar to those selected for Fig. 2 . Such a choice of initial conditions corresponds to classical universe initial conditions because they are given when GR is a very good approximation to LQC. In Fig. 4 , we show a zoom of the initial evolution starting from the GR regime for the same initial conditions as in the case of Fig. 3 . In the early period, the GR solution and the LQC solution (shown only for the holonomy case for clarity) match but after some time they depart from each other as the singularity is approached. We find that the GR solution results in a big crunch singularity in a finite time where the volume of the universe vanishes. On the other hand, the LQC universe undergoes a quantum bounce, resolving the singularity. In Fig. 4 , we thus see two important contrasting features: (i) the way GR description departs from LQC as the singularity is approached, and (ii) the cyclic behavior in LQC contrasted with the one in GR.
In contrast to the classical universe initial conditions, for a quantum universe initial conditions, difference in values of β 0 are of the order of 10 −2 and 10 −1 , with V 0 and ρ 0 of the order of 10 3 and 10 −1 (in Planck units). (With quantum universe initial conditions we imply those universes which do not have a classical epoch in the evolution). For the simulations in Fig. 3 , the values of β 0 are: β For clarity, we only show the holonomy case. The connection case yields a very similar picture of the contrast between GR and the LQC. Solid curve corresponds to the LQC evolution and dashed curve depicts the evolution in GR. After agreement initially, two curves show departures. The GR curve ends in a big crunch singularity, whereas the LQC curve undergoes cyclic evolution. Bounces in the LQC evolution occur at ρ = 0.411ρ Pl .
relative difference being approximately 10 −2 results in a very similar evolution for the holonomy and the connection quantizations at early times as is evident from Fig. 3 . On the other hand, for the simulations in Fig. 2, β (hol) 0 = −0.0407652373014 and β (con) 0 = −0.030416331822, yielding a larger relative difference. The relative difference in β 0 is magnified for quantum universe initial conditions, and it is usually the case that the methods disagree. (Such cases are discussed in the subsequent sections). Note that the differing values of β 0 for each quantization method is present throughout all of this work. It is a necessity because it is the only way one can ensure that the Hamiltonian constraint is satisfied.
In Fig. 3 , the two distinct types of bounces in connection quantization can be clearly contrasted with only one type of bounce in the holonomy quantization. The demonstrated simulations begin in a contracting universe. The scale For the simulations shown in Fig. 3 and 4 , the effect of inverse volume modifications is negligible. Since the bounces occur at volumes greater than V c , only the matter part of the Hamiltonian constraint gets affected. For the holonomy quantization, the maximum relative difference in the energy density computed with and without inverse volume modifications turns out to be approximately 4.5 × 10 −12 . (The maximum relative difference is computed at the bounce volume). On the other hand, for the connection quantization the maximum relative difference is approximately 9.2 × 10 −11 . For the case of Fig. 2 ,
The next three figures show that the two bounce phenomena holds true for the radiation-dominated (w = 1/3), matter-dominated (w = 0), and w = −0.3 universes. For all these equations of state, strong energy condition is satisfied and inflation does not occur. After the decelerated expansion leading to a classical recollapse, quantum gravitational effects in holonomy and connection quantizations result in avoidance of big crunch and multiple cycles of contraction and expansion. Behavior of volume of the universe versus time is shown for a radiation-dominated (w = 1/3) universe. Initial conditions for volume and energy density, and designations for these solutions are the same as in Fig. 3 . The energy density at the bounce in the holonomy case is ρ = 0.423ρ Pl . In the connection quantization, the distinct bounces occur at ρ = 1.095ρ Pl and at ρ = 0.157ρ Pl .
Of these examples, the most exaggerated case of the two bounce phenomena in the connection quantization is seen in the matter-dominated universe in Fig. 6 . In this universe, the two bounces in the connection quantization are separated by about 2 orders of magnitude in volume! The difference in the time between the bounces also gets increasingly larger as we decrease w. This can be explained in terms of the behavior of energy density. Because ρ Fig2 ∝ a −6 and ρ Fig5−7 ∝ a −4 , a −3 , a −2.1 respectively, it takes longer for positive curvature to overcome outward expansion in the case of w = 1/3, 0, −0.3. The case of w = −0.3 discussed in Fig. 7 , is interesting due to one additional feature. In this particular case, the behavior of energy density with respect to the scale factor is very similar to the behavior of spatial curvature which scales as 1/a 2 . As the scale factor becomes small, the contribution due to the positive spatial curvature is significant in causing a turnaround from the to be classical singularity. Depending on the Figure 3 . The energy density at the bounce in the holonomy case is ρ = 1.58 × 10 −3 ρ Pl . In the connection case, the distinct bounces occur at ρ = 0.0525ρ Pl and ρ = 0.0253ρ Pl . In contrast to simulations in previous figures, the energy density at bounce is smaller because for w = −0.3, ρ ∝ a −2.1 which is only slightly stronger than the way classical spatial curvature behaves (a −2 ). The quantum turnarounds hence get a significant help from the spatial curvature term, reducing the role of matter density in comparison to previous cases in causing the bounce.
initial conditions, the quantum bounces thus can occur at lower energy densities than for more positive equations of state.
Results shown in Fig.3-7 , are representative cases for a vast number of simulations we performed for single fluid scenarios for equation of state w > −1/3. Results in all these simulations confirm with the shown results -two distinct bounces for connection quantization and one distinct bounce in holonomy quantization. In the case of a single fluid, we report the two bounce phenomena of the connection quantization to be a generic feature for w > −1/3. In the case when strong energy condition is violated, but w ≥ −1, the spatially closed universe may undergo inflation and cycles do not occur. In case, inflation does not occur then the results are found to be in agreement to the ones discussed above. If the universe is sourced with two non-interacting fluids, then the effective equation of state which governs the cosmological dynamics depends on the individual equations of state and the initial conditions for the respective energy densities. Using the effective dynamical equations for the holonomy and connection quantization we performed various simulations for different choices of equation of states for two fluid scenarios. Results agree with the case of single fluid scenario.
C. Two Fluid Universes
When both the fluids have equations of state, w i > −1/3, we find that in the holonomy quantization, effective dynamics results in a single distinct bounce over various cycles. For the initial conditions corresponding to the classical universe, the energy density at the bounce is always approximately equal to ρ flat max . In contrast, the effective dynamics of the connection quantization results in two distinct bounces in the cyclic behavior of the universe. An example of such a simulation is provided in Fig. 8 . The figure corresponds to the case with w 1 = 1/3 and w 2 = −0.2. The initial conditions on volume and total energy density are same as in Fig. 3 . In comparison to the simulation in Fig. 6 , the two bounce phenomena is a bit subdued. It should be noted that the latter behavior is sensitive to the initial conditions. But, the two bounce phenomena is found to be always present irrespective of the initial conditions.
In case any or both of the equation of state(s) is −1 ≥ w i ≥ −1/3, then depending on the initial conditions of the energy densities, there is a possibility for inflation to commence. If inflation does not occur, then the results are similar to above cases. However, if inflation occurs then the cyclic behavior does not take place and the two distinct bounce phenomena does not occur. The latter phenomena occurs as long as one of the equations of state is w i > −1.0 and w i does not lead to eternal inflation after a single bounce.
IV. QUANTUM RECOLLAPSES IN THE CONNECTION AND HOLONOMY QUANTIZATION: PHANTOM FLUID(S)
In classical GR, a universe sourced with matter with an equation of state w < −1 accelerates faster than in the case of the positive cosmological constant. For a fixed equation of state, the energy density increases as the scale factor increases, and decreases as the scale factor decreases. The latter leads to the avoidance of the big bang singularity in the classical theory. But a big rip singularity emerges in the future evolution. In LQC, phantom dynamics results in an interesting picture where following the bounce the phantom field captures the dynamics of a standard scalar field for some time [40] . Earlier works in LQC, in the spatially flat model, show that this strong curvature singularity is resolved due to the quantum geometric effects, and is replaced by a quantum recollapse [32, 34] . For the spatially closed model quantized using closed holonomies, indications of the resolution of big rip singularity were found in Ref. [30] . However, in all these studies, a detailed analysis of the phenomenological nature of singularity resolution in past and future for quantum universes and the two-fluid scenarios was so far not available.
In the following we discuss the cosmological dynamics in the holonomy and the connection quantization for the case of a single fluid with a phantom equation of state and in a two fluid scenario. Interesting aspects of the dynamics appear depending on whether the initial conditions are chosen such that the universe is initially classical or the universe remains quantum in the evolution. These cases are discussed separately for the single fluid scenario. 
A. Single Fluid Universes
We first consider the case when the initial conditions are given such that the dynamics in LQC, whether connection or holonomy quantization, agrees very well with the dynamics of GR. Then we consider the case when initial conditions are given in the quantum regime such that the universe does not have a classical epoch. 
Classical universe initial conditions
In the case when initial conditions are provided in the classical regime, dynamics in holonomy quantization results in a cyclic universe. A classical bounce at small volumes due to the phantom fluid and a quantum recollapse at large volumes when the energy density approaches ρ flat max . There is only a single distinct quantum turnaround. That the quantum turnaround is a recollapse can be checked by the sign ofβ which turns out to be positive, as a result of whicḣ H < 0 (using eq. (2.11)). In the connection quantization, the situation is more subtle. The universe is still cyclic, but unlike the case of fluids which satisfy the strong energy condition, there is only a single distinct quantum recollapse for a large class of initial conditions, and equations of state w −1. However, distinct recollapses reappear albeit not generically when the phantom equation of state is such that w ≪ −1. The reason for the lack of two distinct quantum recollapses is tied with them occurring at very large volumes. In the latter case, D becomes vanishingly small and therefore ρ 
Quantum universe initial conditions
Let us consider the case when initial conditions are given such that the universe is not classical, and remains quantum in the entire evolution. The phantom mixed with the quantum realm brings out some novel features of the dynamics both in the connection and the holonomy quantization. In Fig. 11 , we depict one such representative case for the equation of state w = −1.1. Let us first discuss the curves from connection dynamics in these figures. A noticeable feature is the absence of two distinct quantum recollapses. At first this can be surprising because the volume at the recollapse is very similar to the one in the case of the simulation discussed in Fig. 10 . Since the values of ρ + 4 and ρ − 4 do not depend on the equation of state, this apparently is a puzzling feature. One expects two distinct quantum turnarounds as in Fig. 10 , yet there is only one type of recollapse in contrast to Fig. 10 . A closer look at the features of connection dynamics reveals a very interesting feature. Two distinct quantum turnarounds are still present but one is a quantum bounce and another is a quantum recollapse! The classical turnaround does not exist. In the case of Fig. 11 , we find that the quantum bounce in the connection case occurs when ρ − to be positive, and using eq.(2.21) so doesḢ due to D > 1. The quantum recollapse is identified with ρ + 4 ≈ 0.45 (in Planck units). In this case,β > 0 andḢ < 0. This a very novel feature of the connection dynamics which has little in common with all the cases studied so far.
Dynamics from the holonomy quantization reveals further surprises for the case of a phantom fluid with initial conditions of the quantum universe. The curves appear quite similar to the connection case. In comparison to the latter, it is at first again puzzling because unlike the connection case, holonomy quantization does not permit two roots for distinct quantum turnaround energy densities. It turns out that in this case, both of the turnarounds are again 'quantum'. The bounce occurs when ρ = ρ 1 (eq.(2.8)) as should be in the classical turnaround, albeit with a Planckian value. The recollapse occurs when ρ = ρ 2 (eq.(2.10)) as is for a quantum turnaround in previous cases. At the recollapse, D becomes very small and so does ρ 1 in comparison to ρ 2 . The latter approximates ρ flat max .β turns out to be positive andḢ < 0. In contrast, at the bounce D is of the order unity, and ρ 1 ≈ 0.17. Bothβ andḢ turn out to be positive. It is to be noted that the bounce is not at ρ flat max in the holonomy quantization. This effect is a result of a peculiar mixing of the phantom dynamics and the quantum universe.
To summarize, for the quantum universe initial conditions though the connection and holonomy dynamics appears very similar, there is a subtle and important difference between them. In the holonomy quantization, bounce occurs at ρ = ρ 1 . Yet it is not a classical bounce. The recollapse as expected is quantum. In the connection quantization, bounce does not occur at ρ = ρ 3 given by eq.(2.16) -the expected density given similarities with the holonomy case, but instead at ρ − 4 . The other quantum turnaround density yields the recollpase. Finally, we find from the Fig. 11 that in the connection case the amplitude of each cycle is slightly higher, which in turn forces the solution to become "out of phase" with the holonomy solution at late times. 
B. Two Fluid Universes
Depending on the equation of states of the individual fluids, rich dynamics originates in the two fluid scenario when the phantom fluid is present. In the following we present a solution which captures a representative case which results in an interesting phenomenology with two classical singularities: a two fluid scenario composed of a stiff matter and a phantom fluid. The stiff matter dominates only near the classical big bang singularity, and the phantom dominates elsewhere. As a result, in the classical theory, there are two singularities. A big bang in the past and a big rip in the future. Quantum geometric effects in the holonomy as well as in the connection quantization resolve both of these singularities, resulting in a cyclic universe. Instead of the three distinct turnarounds in the connection dynamics as discussed for Fig. 10 , we obtain only two turnarounds. Both are quantum in nature. One is a quantum bounce which resolves the classical big bang singularity, and another is a quantum recollapse which resolves the classical big rip singularity. In the holonomy case, a cyclic universe again originates with two quantum turnarounds -one bounce and one recollapse. Fig. 12 , demonstrates the case discussed above. Initial conditions are chosen for the classical contracting universe. The equations of state correspond to w 1 = 1.0 and w 2 = −1.25. In the contracting phase, stiff matter quickly dominates the dynamics and the energy density grows very high very quickly as the volume decreases. Note that ρ 1 ∝ a −6 and ρ 2 ∝ a 3/4 . In the holonomy quantization the energy density grows to ρ flat max and then bounces. This is in stark contrast to the solution we considered in the single fluid case in Fig. 11 , where the energy density was at a value of 0.17 when the quantum structure and phantom energy forced turnaround. In the present case, the bounce is purely kinetic dominated (or due to the massless scalar) and the phantom energy plays little role. There is then a period of inflation and energy density grows as the volume increases due to the phantom energy dominating the overall energy density. The energy density grows to ρ flat max and then there is another bounce from the quantum structure back into a contracting phase. The cycle then repeats and the minimal volume obtained is approximately the same in each cycle.
In the connection quantization of Fig. 12 , dynamics results in bounces and recollapses (both quantum). The bounce occurs when energy density equals ρ . The similarity with the case discussed in Fig. 11 should be noted. There are only two turnarounds, not three. Both the turnarounds are quantum in nature and one of the quantum turnarounds corresponds to the bounce and other to the recollapse.
V. PROBING THE SUPER-PLANCKIAN REGIME
In the previous sections, we have discussed the dynamics in the holonomy and connection quantization assuming validity of effective dynamics for a variety of cases. In the connection quantization, many simulations result in a very large value of the energy density at quantum recollapse. Though not common in the holonomy quantization, universes which retain their quantum character, and those which have phantom component give hints that extreme energy densities can also occur for holonomy quantization. In particular, in such cases energy density can take value larger than ρ flat max which is sometimes considered to be phenomenologically a bound on the energy density in LQC. Though strictly speaking this is true only for the spatially flat model. In this section, we consider this extreme quantum regime for the connection and the holonomy quantization in more detail. We also discuss the properties of the expansion scalar, which unlike the energy density, is universally bounded in the holonomy quantization. We start with a discussion of how extreme energy densities are phenomenologically possible in connection quantization in single fluid and two fluid scenarios, and remark on breaching of ρ flat max by energy density in holonomy case.
A. Single Fluid Universes
An example of the dynamics probing the super-Planckian regime is shown in Fig. 13 in which the volume probes very close to zero in the connection dynamics and the energy density probes super-Planckian values. The equation of state corresponds to w = −1/3 which in particular has an interesting effect on the connection quantization. We start with a contracting universe with highly quantum initial conditions. We select a very high initial energy density and a correspondingly low initial volume. This, combined with the selection of the equation of state forces the connection quantization toward super-Planckian energy densities and a low volume very quickly. We see that the volume reaches 10 −9 (in Planck units), where the effective spacetime description is expected to break down. Singularity is still resolved because the underlying quantum difference equation is non-singular. Due to the bounce at such a small volume, the energy density at the bounce is around 10 7 ρ flat max ! Such high densities are never seen in the holonomy quantization where the maximum energy density is usually on the order of ρ max . After the bounce, the connection solution undergoes accelerated expansion and a turnaround is no longer possible as the energy density of the universe decreases as the volume increases. In contrast, during this period the holonomy dynamics does not produce anything extraordinary. In the subsequent time evolution than the one shown in Fig. 13 , holonomy quantization results in a bounce at approximately the energy density equal to ρ flat max . It should be noted that the error in satisfying the Hamiltonian constraint in the connection quantization grows by three orders of magnitude, i.e. from 10 −9 to 10 −6 immediately following the bounce. This is due to the extraordinary rate at which V and its derivatives are changing in time. It should also be noted that Fig. 13 shows one of the extreme examples found in our study. With different initial conditions, the effect of reaching almost vanishing volume is not nearly as dramatic. However, energy densities with super-Planckian values are not difficult to obtain.
B. Two Fluid Universes
As in the case of the single fluid scenario, it is not difficult to approach very close to the classical singularity in the two fluid scenario in the connection quantization. In this regime, effective spacetime description can be suspected to reach its limit of validity, and the inverse volume modifications are expected to play an important role in this very small regime near the classical singularity. Following the single fluid case discussed above, it is straightforward to obtain cases where the universe in the connection quantization repeatedly achieves super-Planckian energy densities if the effective spacetime is assumed to be valid. Instead of the eternal accelerated expansion after the bounce in Fig. 13 in connection quantization, we can achieve a quantum recollapse by adding a phantom fluid. As a result the universe undergoes cyclic behavior.
In Fig. 14 we present a solution with the same initial conditions as the previous single fluid case but with a turnaround due to a phantom energy component. The equations of state are w 1 = −1/3 and w 2 = −1.25, corresponding to energy densities ρ 1 ∝ a −2 and ρ 2 ∝ a 0.75 . Again, because the derivative of the volume very close to the bounce is quite high, and the derivative changes very rapidly at the bounce, these simulations produce numerical errors in the Hamiltonian constraint that oscillate from ∼ 10 −10 to ∼ 10 −6 up to t = 50. These errors account for the observed numerical differences in the value of V at each bounce. From Fig. 14 we also see that in the connection quantization the energy density spikes at the bounce, followed by a rapid period of accelerated expansion where the energy density falls dramatically. In the following evolution, two fluids compete with each other with the phantom fluid winning at larger volumes causing an increase in energy density as V increases. The energy density again shoots up till quantum geometric effects take over and cause a quantum recollapse. The recollapse occurs at energy density approximately equal to ρ flat max . The universe enters a contraction in the further evolution and the cycle repeats.
Surprisingly, another important aspect of these simulations is the holonomy quantization, in which ρ oscillates to a value slightly greater than ρ flat max when the universe bounces. This effect is not seen for the majority of initial conditions explored in this study, however, as we will see shortly, it is not forbidden. In contrast to the connection quantization, dynamics in the holonomy quantization results in smooth cyclic behavior with energy density oscillating close to ρ flat max . It should be noted that in the above analysis for single fluid and two fluid scenarios we have ignored the inverse volume modifications. In presence of the latter modifications, the energy density and the expansion scalar in the connection quantization turns out to be bounded. However, the theoretical bound is super-Planckian and is estimated to be approximately 26.8 ρ flat max [31] . Above simulations in our phenomenological analysis provide an evidence of such super-Planckian values being reached in the connection quantization. Since our analysis ignores inverse volume modifications, the energy densities at bounces turn out to be much higher than the above estimate. We expect that an analysis where such modifications are included, would alleviate such energy densities to lower but still super-Planckian values.
In the two fluid scenario discussed above we found that holonomy quantization results in energy density at the bounce which is greater than ρ flat max . This is the first example of a dynamical solution resulting in such energy densities at the bounce for the holonomy quantization. Though at first surprising, this breach is easy to understand. We first note that unlike ρ flat max in the spatially flat case, the energy density at the quantum turnaround in the holonomy quantization is not universally bounded. Energy densities in holonomy quantization of k = 1 model greater than ρ flat max can occur due to large value of D which results in large enough ρ 1 (2.8).
In the holonomy quantization though the energy density is not universally bounded, the expansion scalar is. In fact, in the absence of inverse volume modifications there is no bound on energy density at all in the holonomy quantization. This is in contrast to the expansion scalar, whose bound is given by |θ max | = 3/2γλ. In the spatially flat case, the bound on the expansion scalar, which is same as the above value, implies a bound on ρ given by ρ flat max . The situation is not the same in the spatially closed model. In the absence of inverse volume modifications ρ can extend beyond ρ flat max in the holonomy quantization, even while the bound on the expansion scalar is still satisfied. This result suggests that expansion scalar is more important than the energy density if we wish to understand the Planck scale phenomenology in LQC in terms of a bounded variable. Note that if the inverse volume modifications are considered then the energy density in holonomy quantization gets bounded, with a theoretically estimated bound approximately 18.63ρ flat max [31] . As we will discuss now, the simulations in Fig. 15 clearly show that phenomenologically cases where ρ is greater than ρ flat max are possible. Shown in Fig. 15 are the energy density and expansion scalar as a functions of time for a universe with highly quantum initial conditions with a massless scalar field (w = 1). We can see that in the holonomy quantization ρ spends more time above ρ flat max than below it, and that a solution exists even if ρ 0 > ρ max . Relative errors in the solution remain very small in the plotted region, remaining around 10 −8 . This universe is essentially stuck in highly quantum state, oscillating from maximum to minimum volume on very small time scales. Interestingly, in many other instances where the initial conditions are not so extreme, ρ consistently probes energy densities greater than ρ max . We observe this across the board as ρ 0 is varied from 0.05 to 0.3, and V 0 is kept at 1000 for a variety of values of equation of state parameter. In contrast to the dynamics in the holonomy quantization, the connection quantization results in very large value of energy density at quantum turnaround. The expansion scalar in connection quantization also takes a very high value at these turning points. Note that the expansion scalar in the connection quantization takes very large values even when one includes inverse volume modifications. In particular, in the presence of inverse volume modifications the bound on expansion scalar is approximately |θ| = 23.6 in Planck units. In contrast, the expansion scalar is bounded in holonomy quantization by |θ| ≈ 2.78 in Planck units. Thus, even though the inverse volume modifications bound the expansion scalar in connection quantization, the corresponding value can be much larger than the one for the holonomy quantization. Our results in Fig. 15 provide a phenomenological evidence of this large disparity between the values of expansion scalar in two quantization schemes.
As explained at the end of Sec. II, the energy density at the quantum turnaround in the connection quantization is generally greater than in the holonomy quantization if the turnarounds occur at the same volume. As we discussed earlier, recall that in all these cases, there is only one quantum bounce in the connection case. The energy density at this quantum turnaround corresponds to ρ + 4 which is always greater than ρ 1 . In the above simulation, the bounce volume in the connection case is approximately V = 39V Pl which is smaller than the bounce volume in the holonomy case which is approximately V = 73V Pl . This acts like an additional cause to drive the bounce volume in connection quantization to a higher value than the holonomy quantization. The same is true for the case of the simulation in Fig. 13 .
VI. CONCLUSIONS
In quantization of spacetimes in given framework, a pertinent issue is how different the qualitative predictions are in different consistent quantizations. This issue, which is important for phenomenological considerations, so far has received less than the deserved attention in LQC. Only recently have these issues started to be rigorously explored in Bianchi model and Kantowski-Sachs spacetimes [20, 22, [25] [26] [27] . In the isotropic case, for the spatially flat spacetime no two consistent quantizations exist [2, 3] . However, this is not the case for the spatially closed model, where apart from the earlier quantization based on the closed holonomies [10, 11] , a new consistent quantization based on the connection operator using open holonomies was proposed recently by Corichi and Karami [29] . The latter quantization is based on the techniques used to quantize Bianchi-II and Bianchi-IX spacetimes in LQC [21, 23, 28] . To study the qualitative differences between the holonomy and the connection operator quantization methods, the k = 1 FLRW model provides a very useful setting. Some of the qualitative differences were known from earlier works. These include existence of two distinct quantum bounces for the connection quantization instead of one for the holonomy quantization, explicitly shown for the case of a massless scalar field [29] . The difference in the properties of the expansion scalar in the two quantizations was also studied in Ref. [26] . However, a detailed phenomenological analysis of the qualitative differences for different types of matter content between the two methods was so far missing. One more important gap was the lack of study of universes with quantum initial conditions and the way such a choice affects the predictions. Further, so far only a little was known about the super-Planckian regime in the connection quantization approach, and super-Planckian regime in the holonomy quantization, though analytically not ruled out, was never investigated till now.
In this manuscript, our goal was to fill these gaps in the understanding of the physics of k = 1 FLRW models in LQC. We considered single fluid and two fluid scenarios for matter with various equations of states including phantom matter. Initial conditions corresponding to evolution starting in classical as well as quantum realms were considered. A large number of simulations were performed of which representative cases have been discussed in this paper. Primary objectives of this manuscript can be broadly classified as: to understand the robustness of the two distinct quantum bounces in the connection quantization approach, to gain insights on the number -whether two or three, and the nature of turnarounds -whether classical or quantum in different phenomenological settings, and to understand the super-Planckian regime both in the connection and the holonomy quantization methods. Note that we focused on the modifications to the effective Hamiltonian coming from expressing field strength or the connection operator in terms of holonomies. Modifications originating from the inverse volume terms, which generally do not dictate dynamical evolution, were ignored. Inclusion of the inverse volume modifications might change certain quantitative details about the results in the super-Planckian regime. As discussed in the manuscript, these modifications affect the Hamiltonian constraints in the two quantization prescriptions in the same way. If the bounce occurs at volumes much greater than the Planck volume, the inverse volume modifications have a negligible effect. Further, even though the energy density in the holonomy case, and the energy density and the expansion scalar in the connection case are estimated to be bounded [31] , these bounds are super-Planckian and do not affect our results qualitatively. Our numerical simulations provide an evidence that such super-Planckian bounds can be achieved in phenomenology.
Let us summarize the main results from our investigations. We first show that for matter satisfying strong energy condition, the connection quantization results in a non-singular cyclic scenario with two distinct quantum bounces and a classical recollapse. The differences between the two distinct quantum bounces and the nature of evolution around them depends on the equation of state as well as the initial conditions. These results generalize earlier results in the connection quantization for the phenomenological studies of massless scalar field [29] , and agree with the general conclusions of the latter work. In contrast, in the holonomy quantization matter satisfying the strong energy condition, a cyclic scenario with a single distinct quantum bounce and a classical recollapse occurs. Our next result concerns fluids which violate the strong energy condition but still obey the weak energy condition. In the case of a single fluid scenario which violates the strong energy condition, there is only a single distinct quantum bounce in the holonomy and the connection quantization methods. The reason is tied to the eternal accelerated expansion of the universe which commences after the first bounce due to which the second bounce does not occur in the evolution. The case of two fluid scenarios is richer. If one of the fluid satisfies the strong energy condition, then depending on the initial energy densities cycles can repeat and distinct quantum bounces reappear in the connection quantization. In the holonomy quantization, such cycles, as expected, only yield a single distinct bounce. Thus, two distinct quantum bounces is a robust phenomena for the single fluid and the two fluid scenarios satisfying the strong energy condition in the connection quantization. But it is absent if the fluids violate strong energy condition (unless they have a huge violation of the weak energy condition as becomes evident for the phantom fluids).
Presence of phantom fluids brings out some novel features of loop quantum dynamics, both in the holonomy and connection quantization schemes. Unlike in GR, there is no big rip but a "big recollapse." Unlike for fluids which obey the weak energy condition, the bounce need not be quantum. Let us first discuss the cases when initial conditions correspond to classical universes. For such universes, sourced with a single fluid, which become classical in the evolution, a bounce is purely classical. It originates from a violation of the weak energy condition by the phantom fluid. Quantum geometry instead leads to recollapses which prevent the classical big rip singularity to occur. The universe is cyclic both in the connection operator and the holonomy quantizations. Generally, the quantum recollapse occurs at very large volume because of which the energy densities of the two distinct quantum recollapses in the connection quantization become indistinguishable. As a result, there is essentially only a single distinct quantum turnaround in the connection quantization. Distinct quantum bounces only appear if one considers an equation of state which is much less than negative unity. In such a case, strong phantom equation of state drives the universe towards the big rip very quickly and the quantum geometry effects start playing role at much smaller volumes than when phantom equation of state is weak. Thus, for single fluid universes which become classical during the evolution, the connection quantization yields strikingly different results for matter which satisfies the strong energy condition and which violates the weak energy condition. Instead of three distinct turnarounds, a classical recollapse and two quantum bounces, in the former, one obtains only two distinct turnarounds, a classical bounce and a quantum recollapse, in the latter unless the matter has very strong phantom nature, i.e. w ≪ −1. The situation in the holonomy quantization is the same as the connection quantization in the phantom case for universes with classical initial conditions and not having an extreme phantom equation of state. This is the only case where there are no phenomenological differences between the holonomy and connection quantization approaches. The two fluid scenario results in a rich mix of dynamical features that depend on initial conditions. If the equation of state of one of the fluids is phantom and another fluid satisfies the strong energy condition, then classically there is a big bang as well as a big rip singularity. Both the singularities are avoided in LQC in the holonomy as well as the connection quantization approaches. In such a scenario, two distinct quantum bounces reappear in the connection quantization.
We found some interesting results for the universes which remain quantum in the case of the phantom fluid. Instead of three distinct turnarounds we find only two turnarounds, both quantum. There is no classical turnaround in this case. The novelty of this phenomena is added by the observation that unlike any other cyclic model in a phantom universe, the bounce and the recollapse originate due to quantum geometry. And unlike any other case studied so far in connection dynamics and the holonomy dynamics, the quantum turnarounds are neither bounces nor recollapses, but both. Though the holonomy and connection quantization yield a very similar picture of a single quantum bounce and single quantum recollapse there are some striking differences. In the case of the connection quantization, the bounce and recollapse are given by the two roots of the quantum turnaround. Whereas in the holonomy case, the quantum bounce and the quantum recollapse originate from the single and the only root for the quantum turnaround. The latter case gives valuable insights in the holonomy quantization on the values of energy density getting larger than the maximum value in spatially flat model in LQC.
Dynamics of the connection quantization case shows that it is easy to reach situations of the super-Planckian regime. Sometimes very extreme values can be reached and universe in such a case probes extremely closely to the classical big bang singularity. In the connection quantization, not only the energy density but the expansion scalar can also attain very high super-Planckian values. Generally, dynamics lead to bounce densities which are larger than maximum values of energy density in the spatially flat isotropic model in LQC. The volume at which bounce occurs becomes much smaller than the Planck volume. In this regime, inverse volume modifications to the effective Hamiltonian dynamics are expected to play an important role. Surprisingly, initial conditions where energy density at the bounce can be larger than the maximum energy density in the spatially flat FLRW model in LQC regime also exists for the holonomy case. Though not ruled out analytically, previous studies of the closed FLRW model in LQC have not found this regime phenomenologically. The expansion scalar in this case turns out to be dynamically bounded by the universal value. This result suggests that for the spatially curved models in the holonomy quantization, the more canonical measure of the Planck regime in LQC should be the value of the expansion scalar rather than the energy density. As we discuss in the manuscript, bounds on energy density and expansion scalar in the connection approach, and the energy density in the holonomy approach are obtained if we include the inverse volume modifications. These bounds though are super-Planckian, are expected to alleviate extreme values we found in the simulations. Further, the validity of the effective spacetime regime for such small values of volume can be questioned. To fully understand the effects of inverse volume modifications, it is important to perform numerical simulations with quantum states and carefully analyze and compare the effective dynamics .
Finally, let us comment on how these results can prove useful to narrow down the quantization ambiguities in the spatially closed model in LQC. Working within the caveat of assuming the validity of effective spacetime description and ignoring the inverse volume effects (which turn out to be negligible when bounce densities are larger than Planck volume), we find that in the connection quantization there exist many initial conditions for which energy density would attain super-Planckian values. Though super-Planckian values for holonomy case are possible, such initial conditions only occur in highly quantum cases and are also rare. Even if we include estimates from including inverse volume modifications, we expect our results to be not affected qualitatively because the bounds on energy density and expansion scalar in the connection case are super-Planckian. These results suggest that there is potentially a significant quantitative difference in the physics of Planck regime in the connection and the holonomy quantizations. Future phenomenological investigations, such as those probing cosmological perturbation spectrum in models based on these spacetimes, can help in showing whether this difference can constrain one of these quantization prescriptions. However, it is important to understand the validity of the effective spacetime description in this framework along with the inclusion of the inverse volume effects in loop quantizations of k = 1 model. In a phenomenological study based on the latter, interpretation and role of the effective equation of state becomes non-trivial due to inverse volume effects [41] . It will be interesting to investigate the detailed phenomenology in effective spacetime with such effects to gain in further insights on trans-Planckian effects for different fluids. Further, detailed numerical simulations using quantum states, on the lines of recent works [18] , will prove useful to shed further insights on these issues. Numerical simulations with physical states in these models will be able to provide important clues on the validity of effective description, its regime of validity and the role of inverse volume modifications. In conclusion, though one may be tempted to to state that the holonomy quantization perhaps yields a more viable physical description than the connection quantization where super-Planckian energy densities are often possible, the final answer depends on numerical simulations where evolution of quantum states is studied using quantum Hamiltonian constraint for the holonomy and connection quantizations.
